that jammed flow occurred at high densities, whereas free flow was conserved at low densities. We also found indications of metastability at an intermediate density. The critical density is estimated by analyzing the fluctuations in speed and the density-flow relation. The value of this critical density is consistent with that observed on real expressways. This experiment provides strong support for physical interpretations of the emergence of traffic jams as a dynamical phase transition.
Introduction
A traffic jam is one of the most familiar phenomena observed on expressways and in city streets. Traffic flow can be divided into two types: smooth flow, which occurs under light traffic and in which cars run at the allowed maximum speed; and jammed flow, which occurs under heavy traffic conditions. In jammed flow, jam clusters in which cars stop or move slowly propagate in the direction opposite to that of the motion of the cars.
Fundamental diagrams describing the density-flow relation are widely used for analyzing traffic flow [1] . Observations of real expressway traffic show that fundamental diagrams (e.g. figure 1 ) have two regions mutually divided by a certain density value: free (smooth) flow with low density, and jammed flow with high density. In low density traffic, cars run at an almost constant speed, and therefore the flow increases in proportion to the density. The flow for high density traffic, on the other hand, decreases with the density, causing the average speed to also decrease with the density. The data points from high density traffic are broadly scattered; i.e. the speed and density fluctuate widely in jammed flow owing to the existence of jam clusters.
Since the 1990s many researchers have studied traffic flow from a physics point of view [2] [3] [4] [5] [6] [7] [8] and various theoretical models for traffic flow have been proposed and studied. This research has clarified that a homogeneous flow becomes unstable, leading to a traffic jam, if the density exceeds a critical value; as such, the emergence of traffic jams is understood as a dynamical phase transition in which density is the control parameter. In a previous study we performed a traffic jam experiment using real cars on a 230 m circumference outdoor circuit [9, 10] in order to verify the theoretical understanding of traffic jams as a dynamical phase transition. In the study, we confirmed that traffic jams emerge at a certain high density even in the absence of bottlenecks, and we observed the metastable homogeneous flow that appears as a precursor to traffic jams. In order to confirm that the emergence of traffic jams is a dynamical phase transition, an experimental investigation of the density dependence of flow is required. To this end, we performed an extended experiment with a varying number of cars within an improved experimental environment: a circuit in the Nagoya Dome 10 , an indoor Japanese Professional League baseball field. The new circuit was larger (314 m in circumference) than that used in the previous experiment, and we used a laser scanner to obtain higher-resolution positioning of the cars. Based on the experimental data recorded using this new setup, we can estimate the critical density of the phase transition between free and jammed flows. This paper is organized as follows. In section 2, the details of the experiment are described. The data are analyzed in order to estimate the critical density in section 3. Finally, section 4 provides a summary and discussions.
The experiment
In order to study the effects of density on traffic flow, circuit inhomogeneity should be reduced as much as possible, as it may lead to bottlenecking; we therefore needed to use a circular road on flat ground with homogeneous lanes. In order to access the flat, concrete floor of the NagoyaDome(seefootnote10),thepitchingmoundandartificialturfwereremovedand Plan of 50 m radius circuit (red curve) in the Nagoya Dome arena. The broken curve denotes a circle with a 60 m radius that delineates the outer range of the course. The laser scanner is located at the center of the circuit and is marked by a red point.
the base positions were covered with gray sheets in order to reduce visual inhomogeneity over the 314 m circumference circuit (figures 2 and 3). We were able to vary the density of cars in small steps of 10 −2 m −1 . In the previous experiment [9, 10] we read car positions manually from video data captured by a 360
• camera; the positional error in this case was roughly ±0.5 m. In this experiment, we employed a laser scanner (Sick LD-LRS 1000) located at the center of the circuit (figure 3) to measure car positions with an improved resolution. The scanner rotated at a frequency of 5 Hz, detecting the distance to objects every 1/1920 • ; the resulting time resolution was 10 −4 s, while the spatial resolution was 0.16 m at a distance of 50 m. The stream of data was stored in a computer connected to the scanner, allowing sequences of position and speed for each car to be reconstructed using the procedure shown in appendix A.
Over 2 days we conducted 19 sessions, with the number of cars for each session varying from 10 to 40. All of the cars were of the same model and specifications (Toyota Vitz: 1.3 L, 3885 mm long, automatic transmission). The conditions for each session are summarized in table 1 (1010, 1210, 1310 and 1412 were warm-up sessions).
Fifty-two college students drove the cars by turns. In each session the cars entered the circuit one by one, with the driver of the first car requested to drive slowly until all the cars had entered, at which point all of the drivers were instructed to drive safely in their own manner at a target speed of 30 km h −1 .
Analyses
In order to locate dynamical phase transitions between free and jammed flows, we analyzed the data using spacetime diagrams, fluctuations in speed and fundamental diagrams. We first look at spacetime , which is about the same as cluster speeds observed on real expressways [9, 11] . In figure 4(c) representing session 2534 (34 cars), jam clusters in which cars move slowly appear and disappear. Spacetime diagrams for all sessions are shown in appendices B and C; these show that jammed flow occurs in high density conditions while free flow is maintained at low density.
The average speeds and fluctuations in speed are then analyzed in order to estimate the critical density for jam emergence. As can be seen in the observations and as discussed in section 1, the average speed of a jammed flow decreases as car density increases. Because cars run slow in jam clusters and fast outside of them, fluctuations in speed become large when there is jammed flow, and therefore the presence of large speed fluctuations indicates jammed flow.
For each session, the average speed and the fluctuation (defined as the standard deviation) are calculated for all cars over the period shown in table 1, with the results shown in figure 5 . On both days, the average speed decreases as the car density increases. In sessions conducted on the first day, fluctuation does not increase with the density; on the second day, however, fluctuation increases with density, as is observed on a real expressway. This disparity seems to have arisen from the fact that the drivers were extremely cautious on the first day and did not appear to drive at the desired speed; correspondingly, we used data only from the warm-up sessions and from the second day for the remainder of the analysis. Large fluctuations around the average speed can be observed for sessions having between 28 and 34 cars on the second day, indicating that traffic jams occurred in these sessions.
Finally, we examined the fundamental diagrams representing the density-flow relation. On real expressways, speed and flow are measured using induction-loop coils buried beneath observational points on a road, with the average speed v and flow q recorded, for example, every 5 min. The density ρ at a given point in time then is calculated from the relation q = ρv. Three typical observational features of a fundamental diagram for a real expressway (e.g. figure 1 ) are [11] [12] [13] : free flow is shown as data points on a single curve; in jammed flow, the data points are broadly scattered; and both free and jammed flows occur at intermediate densities.
In order to determine an appropriate method of averaging the data for obtaining a fundamental diagram for the experiment, we set three observational points spaced at intervals of 120
• for collecting a sufficient number of data points. At each observational point, we count the number of cars passing by over intervals of 45 s, a duration based on the time needed for a jam cluster to move around the circuit and averaged their speeds.
As a comparison, appendix D shows fundamental diagrams with a duration of 30 s; these exhibit essentially the same characteristics as are discussed below. For reference, the fundamental diagram of the sessions (including the warm-up) on the first day is shown in appendix E. Figure 6 shows the fundamental diagram for all sessions except for 2030 and 2934, which are excluded for reasons discussed at the end of this section. This fundamental diagram is similar to that extracted from traffic on real expressways (figure 1), and on it we find three typical features: free flow, jammed flow and metastable states. The red curve and the blue line in figure 6 are drawn as references to show the typical behavior of free and jammed flows, respectively.
In the following paragraphs, we investigate the characteristic features of the fundamental diagram in detail. The portion of data points distributed broadly around the blue line correspond to jammed flow, while the remaining points that are distributed along the red line correspond to free flow. Thus, the sessions with intermediate numbers of cars have both free and jammed flows at a given density value; this indicates the presence of metastable states, which have previously been suggested by models and reported from observation [10, 12, [14] [15] [16] [17] [18] .
The fundamental diagram for the two exceptional sessions 2030 and 2934, in which cars stop or nearly stop in jam clusters, is shown in figure 8 . Because cars are only detected in passing by the observation point, stopped cars are not taken into account in the flow measurement or in the average speed and the fundamental diagram consists mainly of data from cars moving smoothly outside of jam clusters. Because the speeds of cars outside the jam cluster are nearly identical to those in free flow (see figures 4(a) and (b)), the diagram resembles that for a free flow, although it can be seen that the average speed is a bit smaller and the level of fluctuation is larger than in a 'true' free flow ( figure 7(a) ) because the motions of cars catching up with and escaping from the jam clusters are also included in the data.
Based on an analysis of the data in this section, we can estimate the value of the critical density of the dynamical phase transition between free and jammed flows. If the number of cars is N 25, the fluctuation in speed is small (see figure 5 ) and the flow increases with density (see figure 7(a) ); in such cases, free flow occurs. 
Summary and discussions
We conducted the experiment described in this paper to confirm that the emergence of a traffic jam is a dynamical phase transition controlled by the density of cars. In our previous study [9, 10] , which was conducted on an outdoor field, we demonstrated that a traffic jams occurs at a certain high density even in the absence of bottlenecks. The present study consisted of 19 sessions in which the number of cars was varied from 10 to 40. The experiment was carried out on an indoor circuit 314 m in circumference with high resolution measurements (i.e. 0.2 s in time and 0.16 m in space). Based on our analysis of the resulting spacetime diagrams, fluctuations in speed and fundamental diagrams, we confirmed that dynamical phase transition between free and jammed flow occurs at a critical density, which we were able to estimate. We also observed that metastable states occur at intermediate densities between free and jammed flows.
We can compare the critical density obtained in this study with those measured on real expressways. The critical density of an expressway in which the observed average speed is 120 km h −1 in free flow is known to be ρ ∼ 0.025 m −1 (25 cars km −1 ) [9] . In our present experiment in which the average speed in free flow was about 40 km h −1 ( figure 7(a) ), critical density occurred between 0.08 and 0.09 m −1 . As a car will require a headway that is three times larger when driving three times faster, our measured experimental critical density is consistent with values observed on the expressway.
We then assess our fundamental diagram for jammed flow with stopped cars. A look at figure 8 will confirm that the fundamental diagram for such a flow is different from that for a jammed flow without stopped cars (figure 7(b)); instead, it resembles the fundamental diagram for free flow. Fundamental diagrams for stop-and-go traffic with this kind of similarity to free flow diagrams have been generated from real expressway data [19] . However, the spacetime diagrams for stop-and-go traffic are essentially identical to those for jammed flow without stopped cars. As a fundamental diagram describes the relation between the number of cars passing by a measurement point and the density, the fundamental diagram of jammed flow will always differ depending on whether or not it contains stopped cars; however, this does not mean that stop-and-go traffic represents a different phase from jammed flow without stopped cars.
In this paper, we discussed the phase transition based on conventional observables, such as fundamental diagrams, measured in real expressways and we did not mention any models, because we hoped to estimate the critical density without depending on any models by comparing observed phenomena in real expressways. We showed that the transition between free and jammed flow occurs at a critical density and metastable states appear around the critical density. In this sense, the transition seems to be first order. However, it is different from phase transitions of ordinary equilibrium systems. As for a traffic flow, particles (cars) in the system are moving, and emerged patterns (jam clusters) also move. The phenomenon should be identified as dynamical transition.
The order parameter for describing the transition is not confirmed yet, but the change of the correlations in motions of cars is characteristic. In a free flow, speed of cars fluctuate randomly and there are almost no long-range correlations. In a jammed flow, by contrast, jam clusters induce correlations in motions of cars. Therefore correlations in motions of cars will indicate the occurrence of traffic jam. By analyzing trajectories of cars obtained in this experiment, we hope to discuss about correlations, order-parameters describing the phase transition, model selections and so on.
Finally, we can analyze a case with extremely high density. Figure 5 shows that the fluctuation in speed is very small in the session with 40 cars; as shown in the spacetime diagram, the flow is homogeneous ( figure C.2 in appendix C) . Some theoretical models predict that homogeneous flow exceeding a certain high density will also be stable [17, 20] ; however, it is not clear at present that the observed high density-flow in this case corresponds to that predicted by models. 
Appendix B. Spacetime diagrams of sessions used in analyses
In the main text we analyzed data taken from four of the warm-up sessions on the first day and all sessions on the second day. This appendix shows the spacetime diagrams for these sessions in figures B.1-B.4. The periods used for analyses in the main text are indicated by black horizontal lines.
Appendix C. Spacetime diagrams of sessions unused in analyses
We performed nine sessions during the first day. Data obtained in four warm-up sessions were used in the analysis; spacetime diagrams for the five remaining sessions are shown in figures C.1 and C.2. The periods used for analysis in the main text and appendix E are indicated by black horizontal lines.
Appendix D. Fundamental diagrams using shorter duration
In the main text we counted the number of cars passing by a measuring point over intervals of 45 s and averaged the speeds measured at each observational point. For comparison, we show here fundamental diagrams based on a 30 s observational duration. figure 6 with 45 s duration, we can see the similar characteristics in figure 6 .
As discussed in section 4, the fundamental diagrams for jammed flow containing stopped cars appear to be similar to those with free flow. 
Appendix E. Fundamental diagram for sessions on the first day
In the main text we analyzed data obtained from warm-up sessions and from sessions conducted on the second day. Here, we show the fundamental diagram for sessions conducted on the first day including the warm-up sessions, in figure E.1. The duration of observation is 45 s, as described in the main text. The red curve and the blue line are the same as those in figure 6 . The data points for all sessions except for the warm-up sessions are distributed below the blue line, demonstrating that cars on the first day, except those in the warm-up sessions, ran more slowly than those in sessions with the same number of cars on the second day. 
